Two software development hurdles to advancing real-world operationalization of satellite datasets for water management are addressed in this study. First, a simple, easy-to-build and open-source web portal connecting to a back-end complex model is developed for resource-constrained developing nations. Second, to enhance the skill of satellite-based predictions, an innovative and dynamic web analytics-based correction system is developed to reduce the uncertainty of satellite estimates.
INTRODUCTION
The water cycle can be described as a complex process comprising a number of highly interconnected water, energy and vegetation processes with variability in time and space. Estimation of all of the components of the water cycle is quite impossible by purely observational approaches due to the limited sampling they provide. Hydrological modelling driven by observations can be utilized as an alternative approach for better understanding of the physical processes However, some hurdles remain, particularly when it comes to the developing world. These are prohibitive costs Hossain et al. a, b) and poor data quality. Such hurdles limit the capability and skill of hydrological models in the developing world where the river basins are international (or International River Basin (IRB); Bonnema Despite these advancements, challenges on scale, quality and integration remain. Quality of satellite data can often become unacceptable, resulting in simulations that are found limited in skill or useless for decision making. A good example is satellite precipitation estimation, where the uncertainties at smaller space-time scales are known to be complex and often the limiting factor to its operational use for hydrological applications (Hossain & Huffman ) . The end result of such a data quality issue can be understood from | An example of poor data quality issues of satellite observations that limit decision making skill for water managers. The solid line is the streamflow simulation derived from a hydrologic model forced with GPM's IMERG satellite precipitation data. The dotted red line is the observed discharge rated from water levels (Source: http://depts.washington. edu/saswe). Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10. 2166/hydro.2017.073. the observed (rated) stream flow shows significant bias to the extent that no end-user or water manager would have trust in using it for decision making. We attribute such issues to the often, if not always, poor estimation capability of low or high rain rates.
In addition to data quality issues, satellite observations also suffer from delayed transmission (i.e., latency) and various data formatting issues, the awareness of which is mostly limited to the scientific community but not to the application world. When these issues are considered in sum, the increasing observational capability of satellites will not have an equivalent impact on increasing societal applications until creative and cost-effective solutions are devised to improve the utility of satellite data for decision makers (Bulatewicz et al. ; Hossain , ) . Without such out-of-the-box solutions, stakeholder agencies with a mandate to provide decisions for water management (as an example) will remain institutionally dependent on third-party entities (such as scientific or the data producing community). These stakeholder agencies are unlikely to benefit from the true potential of satellite observations. Take for example, the Flood Forecasting and Warning Centre (FFWC) of the Bangladesh Government (www. ffwc.gov.bd). FFWC has made noticeable progress in adopting satellite and modelling platforms (such as GPM IMERG data, satellite altimeter, weather models) since 2011 (Hossain et al. ; a, b) . Yet, FFWC remains heavily dependent on the scientific community for guidance on ways to handle data or satellite mission constellation changes. Such dependency is not uncommon in other water management agencies of the developing world (Hossain ; Kansakar & Hossain ) .
At this stage, two critical solutions are needed to empower stakeholder agencies to become independent users of satellite data for operational water management.
These are: (1) an open-source interface building framework that connects complex back-end models with front-end user needs (such a framework should be easy to follow and build using cost-effective solutions that are sustainable in the agency environment of developing nations); (2) an automated correction system that can harness in-situ data availability on the public domain to improve accuracy of satellite data; such a system should be able to take advantage of the power of the internet and avoid non-physical/unrealistic simulations (as shown in Figure 1 In other words, can we take advantage of the internet as a level playing field through web crawling and pull as much in-situ data as possible through supervised search and improve the data quality of satellite observations of parameters such as precipitation and streamflow?
The key objectives of this study are two-fold and as follows:
1. to develop an open-source web interface building system that is simple and easy to implement for agencies of the developing world as a 'build-it-yourself' template for water management; 2. to explore the effectiveness of online and dynamic data quality improvement techniques that leverage the public domain in-situ data posted on the internet to correct satellite data on the fly through web-analytics (web crawling). This paper is organized as follows. In the next section we discuss the data, model and open-source tools we have used to build the generic and open-source framework for objective 1 and the web-analytic correction system for objective 2. This is then followed by a detailed outline of the framework itself that we present as a modular and scalable template. Then we describe the performance of the framework and correction system followed by conclusions, lessons learned and recommended areas of future study. The key outputs of VIC models are runoff, streamflow, base-flow, soil moisture and evapotranspiration that are considered key for enabling water management in developing countries. As an example in enhancing water management in South Asia, these outputs were rendered using our generic open-source framework through the South Asian Surface Water Modelling System (SASWMS; http://depts. washington.edu/saswe). Streamflow at different prominent locations of basins can be used to make a decision on water availability in the downstream. Reference evaporation is an important parameter for crop water management. Currently, it is successfully driving the irrigation advisory services in Pakistan (Hossain et al. ) . Soil moisture drives agriculture as it works as a principal source for growing plants.
MODEL, DATA AND TOOLS

Satellite datasets
Four types of satellite-estimated datasets were used in this study to demonstrate the value of the framework and correc- download of all the web information, a quality check is done by calculating the number of stations, and maximum and average rainfall amount, and any unwanted information is excluded. To track the whole process, a log file is also generated where all the information (including quality checking information) about the web crawling event (i.e. no. of stations found, error message during extracting rainfall data, date-time missing in webpage, index number of html table not found, etc.) are saved.
In this way, the crawler forages these sites every day, and crawls the latest (last 24 hours) precipitation and water level data. There are 913 stations currently included in the download program of SASWMS. Of them, on average 650-800 station data were found to be posted regularly by the agency websites as 'nowcast' for that day (Figure 4 ).
Websites included in the online web crawler are listed in the Appendix (available with the online version of this paper). Hereafter, we shall call the SASWMS data correction system a SASWMS WebCrawler.
Two different correction systems were built for SASWMS. The first one is for precipitation bias correction and the second one is a streamflow correction system. The following flow diagram ( Figure 5 ) shows how the correction system along with other components works in the SASWMS.
Precipitation bias correction system
We developed this system as one of the primary data quality issues associated with satellite precipitation data (such as IMERG) was related to excessive bias (Prakash et al. ) that often renders the data unusable or results in physically unrealistic simulation of water cycle variables (see Figure 1 for an example). There are four different methods of precipi- As the spatial distribution of stations included in the web crawler are not very dense and the variation of bias is heterogeneous and also due to the lack of long-term observed rainfall, the spatial bias method was found to be the most suitable method among all the methods for applying real-time bias correction.
In the spatial bias correction method, the bias amount between observed and satellite-estimated precipitation is calculated in all the observed station locations of the basin. The daily bias at each station is then spatially interpolated using a suitable interpolation technique. In this study, two different methods of bias interpolation are used in all the basins, i.e. Inverse Distance Weightage (IDW) and spline interpolation techniques. Finally, this bias amount is applied to the IMERG satellite-estimated precipitation. After applying this bias, in some grids, negative precipitation in modest amounts was found that was set to zero if that grid cell or the immediately neighbouring ones were zero according to in-situ station or uncorrected satellite data. The precipitation correction system flow chart is shown in Figure 6 .
Streamflow correction system
In the streamflow correction system, the simulated streamflow was corrected by using climatology of discharge (rated) and upstream drainage area of each correction point. Climatology discharge was derived using data pertaining from 2002-2015 for Bahadurabad station in Brahmaputra and 1910-2015 for Hardinge Bridge station of the Ganges River. First a 'no-correction' envelope of streamflow was developed using these datasets for each Julian day. This range of streamflow for a given station and given Julian day pertains to the range that covers all recorded values between 25% higher than the climatologically minimum discharge and 25% lower than the climatologically maximum discharge. We considered this range as a 'safe' and physically realistic zone that would not trigger an automatic web-analytic based correction.
However, when the simulated streamflow is outside this 'safe and physical' no-correction zone, the system crawls the in-situ discharge of that day derived from observed water level records and compares the values. If the simulated streamflow is lower than 75% of the public domain in-situ discharge or higher than 125% of the rated discharge, an automatic correction is triggered. This correction is based on the ratio of simulated streamflow to the in-situ discharge.
This ratio is then applied at other streamflow locations by multiplying the ratio by flow and further adjusting by multiplying it by the ratio of the drainage areas of the two 
Performance of web analytics based correction system
The web analytics based correction is applied in the Ganges, Brahmaputra and Indus River Basins. Precipitation correction is applied to all three of the basins whereas streamflow correction is applied to Brahmaputra and Ganges Basins only as no in-situ water level or discharge data of the Indus Basin is available, to the best of our knowledge. In this study, performance of only precipitation correction, only streamflow correction and combined correction of precipitation and streamflow is assessed for the Ganges and Brahmaputra Basins. In the case of precipitation correction, data used is from 1st January 2016 to 31st August 2016. As the public domains started sharing water level data from 27th March, streamflow performance is assessed from 27th March to 31st August 2016.
Performance of precipitation bias correction
To compare with satellite-estimated gridded rainfall, web crawled rainfall is interpolated in the whole basin using the IDW method with power 2 and the number of points in search radius used 12. In Figure 8 , results from two types of precipitation bias correction in Brahmaputra Basin are shown as an example for 21st July 2016 (the rainiest day, when cell average precipitation of IMERG data was maximum). On that day, maximum and average precipitation in IMERG-RT (real time) data were 680 mm and 90.29 mm, respectively. By using the IDW method of bias correction, maximum precipitation decreased to 546.01 mm and average precipitation was 24.39 mm. By using the spline method of interpolation, maximum and average values found were 1253.06 mm and 76.17 mm, respectively. This shows that by using the IDW method, the pattern of satellite-estimated precipitation is preserved and magnitude is decreased. On the other hand, by using the spline method, maximum precipitation is increased but cell average precipitation is decreased although spatial pattern and magnitude of IMERG estimated precipitation change radically. In Figure 9 , comparison of spatially averaged precipitation from web crawling, IMERG-RT data, corrected rainfall from the IDW method and corrected rainfall from the spline method are shown. This figure shows a scatter plot of three types of rainfall with web crawled rainfall shows a decrease in rainfall after implementation of the spline method, but still a high amount of overestimation remains. Among the three plots, the IDW method of correction clearly improves the prediction capability of satelliteestimated precipitation over Brahmaputra Basin.
In Table 1 , statistical metrics to quantify performance of the dynamic correction are described. The analysis shows an 85% reduction in precipitation root mean squared error (RMSE) due to use of the IDW method of bias interpolation, and a 12% reduction of RMSE due to use of the spline method of correction by using web crawled rainfall. Due to implementation of the web based correction system, average precipitation decreases from 17.51 mm/day to 5.63 mm/day (IDW method) for most cases, indicating that IMERG-RT suffers mostly from overestimation. Mean error in precipitation, due to implementation of this correction system, also decreased from 12.49 mm to 0.59 mm.
The effect of the precipitation correction system on the prediction of streamflow is characterized by simulating the VIC model using the corrected precipitation and shown in Figure 11 . From the figure, it can be seen that the streamflow using the uncorrected IMERG-RT dataset is very unrealistic.
Both the IDW and spline methods show a decrease in peak flows. However, in some cases, the spline method overestimates the uncorrected IMERG-derived stream flow. The IDW method captured the pattern of rated discharge as well as decreasing the high flow. Both methods of correction system improved the quality of simulated streamflow from the IMERG-RT precipitation, but overall performance of the IDW method is found to be superior to the spline method. The modest but systematic overestimation in streamflow prediction that remains can be taken care of through agency-based adjustment factors.
The impact of precipitation correction was also studied in Ganges Basin. Spatial distribution of the corrected and non-corrected precipitation for the rainiest day (1st July 2016) is shown in Figure 12 . On that day, the maximum of the IMERG dataset was 630 mm and average rainfall over the basin was 88.51 mm. By using IDW correction, these decreased to 261.51 mm and 16.39 mm, respectively. Like Brahmaputra Basin, the maximum rainfall amount is increased but cell averaged amount is decreased. In Figure 13 , daily average precipitation is shown from 1st January 2016 to 31st August 2016. Among the two methods of bias correction, the IDW method performed better in decreasing the IMERG estimated precipitation.
During low rainy days, IMERG-RT rainfall is overestimated by the spline method for corrected rainfall, and during high rainy days the situation is reversed (Figures 13 and 14) .
From Table 2 , RMSE can be seen to reduce by 90% using the IDW method of interpolation whereas 32% reduction is achieved by using spline interpolation techniques. Considerable reduction in mean error is indicative of the positive effect of implementing a dynamic precipitation correction system.
Performance of streamflow correction system
Before implementing streamflow correction in the system, climatology discharge was prepared from the observed water level records for each Julian day. Climatology minimum, maximum and average discharge of both basins along with the safe zone (the no-correction zone between 25% lower than maximum discharge and 25% higher than minimum discharge) where no streamflow correction is triggered are shown in Figure 15 .
By using this climatology discharge, regular correction of streamflow after hydrological model simulation is In Figure 16 , simulated streamflow by using corrected and non-corrected precipitation is shown for Brahmaputra Basin. Streamflow from the IMERG-RT product is plotted in the secondary axis as the values are very high. Table 3 summarizes the skill of different combinations of correction and their effect in streamflow estimation for the Brahmaputra Basin at Bahadurabad gauging station. The value of online and dynamic correction techniques to improve the skill of IMERG-RT is quite obvious from this obtain the in-situ data remains that of using the web-posted datasets from respective agencies. Furthermore, this study has used the newest satellite precipitation product of IMERG from the GPM mission launched in February 2014. To the best of our best knowledge, this precipitation product has not been analysed extensively to minimize the amount of bias and increase the real-time predictability.
For operational applications, the real-time dynamic adjustment is important as any traditional bias correction scheme requires long-term agreement between ground validated precipitation and the satellite product. Hence, the quality of estimated precipitation from this product is improved when it is coupled with the bias correction scheme from a diverse network of in-situ data sources. 
CONCLUSION
Despite the plethora of satellite-based hydrologic data, hurdles remain, particularly when it comes to the developing world, that prevent water management agencies from benefitting directly from the vantage of space to improve their decision making. In this study we have targeted the resolution of two key hurdles: (1) the high cost and software complexities of building easy-to-access, easy-to-maintain web portal interfaces that connect physical models with the water managers; (2) should be mentioned that the SASWMS took 2 months (about 100 man-hours) to build from scratch as an end-toend system by the first author.
We have demonstrated the solution for the two key hurdles through the development of the SASWMS for the region of South Asia as an example. Although SASWMS was kept very simple, there are avenues for improvement as a further study. Currently, for the dynamic correction, as the spatial distribution of the stations is not homogeneous, spatial interpolation techniques do not always work properly. We have occasionally observed the worsening of precipitation data quality by the web-crawling correction during no-rain or low-rain situations. Also, the list of stations that is crawled is 'static'which means that the user has to specify this list and be in charge of its updating. For this reason, any new stations that dynamically appear on the web beyond the specified 934 stations cannot be added into the interpolation scheme. Such an issue can be solved through more dynamic and intelligent search engine optimization.
There are other methods of real-time bias correction of satellite estimation that have not been assessed during bias correction application. These are natural neighbour, Kriging, and nearest neighbour algorithms. Similarly stream flow correction could potentially benefit from satellite altimeters that cross rivers and provide a more realistic assessment of river height changes compared to satellite precipitation-based hydrologic models. It is well known that a reasonably long record of altimeter river heights can help develop a virtual rating curve (between model discharge and satellite heights) and an assimilation scheme to keep wayward simulations in check (Hossain et al. a, b) . By applying altimeterbased streamflow correction techniques, streamflow at other locations may be corrected further.
Despite the areas for improvement, the take-home message we provide for readers is that the growth of open-source and non-proprietary tools has now made it possible for any resource-constrained water management agency in the developing world to build robust and cost-effective operational web portals using internal resources. Using easy-to-replicate frameworks and templates (as shown here), the value of satellite-based operational water management can soon be a reality for many living in regions of South and Southeast Asia.
